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STUDIES ON THE PATHOPHYSIOLOGY AND SOME HOST DEFENSE FACTORS
IN STAPHYLOCOCCAL ARTHRITIS IN THE RABBIT AND ON THE RELATIONSHIP
OF ASEPTIC INFLAMMATION TO INFECTION RATE*
The studies of Phemister1 in 1924 and the more recent investigations of
Curtiss and Klein2 have clarified some of the mechanisms of destruction of
cartilage by purulent exudate. Other aspects of joint infections have not
been so well studied. Our observations in the rabbit explore the patho-
physiology of pyarthrosis and the role of some host defense factors in
staphylococcal joint infection. These studies suggest a peculiar susceptibility
of diarthrodial joints in rabbits to bacterial infection.
MATERIALS AND METHODS
1. Rabbits
New Zealand white rabits weighing three to four kilograms were used
throughout this study. Both sexes were employed without noticeable differences in
results.
2. Bacteria
A single hospital strain of coagulase positive, phage type 80-81, hemolytic Staphy-
lococcus aureus was used in all experiments. To prepare bacteria for an experiment,
one colony of staphylococcus was removed from a refrigerated blood agar plate
and incubated for eighteen hours at 370 C. in heart infusion broth. The bacteria was
then washed three times with 30 ml. of sterile saline, and finally resuspended with
saline to a total volume of 10 ml. Log dilutions provided the approximate number of
organisms desired for a given experiment and the actual number of bacteria in each
experiment was determined by pour plate counts.
3. Inoculation technique and the determination of pyarthrosis
Rabbits were anesthesized with intravenous pentobarbital, the knees shaved, and
0.5 ml. of the staphylococcal dilution in saline in a syringe was introduced through
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a 21-guage needle injected into the suprapatellar bursa. Animals were observed every
one or two days and the knees inspected. Rectal temperatures were recorded in many
experiments. Except where stated otherwise in the RESULTS, the rabbits were sacrificed
with intravenous pentobarbital two weeks after inoculation, and the knee joints
opened for inspection. Infection was defined as gross purulent material in the
inoculated joint at the time of sacrifice of the animal as demonstrated in Figure 1.
Cultures were taken from joints at the time of sacrifice and staphylococci were fre-
quently recovered from joints with purulent exudates. However, purulent exudate
which was sterile was also taken as evidence that the joint was infected.
4. Histologic preparation
Bone, cartilage and synovium were removed from infected and control joints at
the time of sacrifice. These were then fixed in Zenker's solution, mounted in paraffin
blocks and sectioned and stained in a routine manner.
5. Determination ofgranulocyte-associated microorganisms
In some experiments, the total bacteria in a synovial exudate were fractionated
into cell-associated (presumably phagocyted by polymorphonuclear leukocytes)
and non-cell-associated by the technique of Cohn.' The joints were entered with
a 19-guage needle, and the cavity washed by to-and-fro injection of 2 ml. of saline
in an attached syringe. This washing was then used for WBC determinations, and
total bacterial count, as well as extra and intracellular bacterial counts.
6. Production and measurement of sterile synovial inflammation
To produce a sterile synovial inflammation before staphylococcal inoculation,
0.5 ml. quantities of an inflammatory agent were injected into the bursae six hours
before the staphylococci were introduced. The inflammatory materials used were
ovalbumin (6 mg.)* or a purified bacterial endotoxin (.0005 microgm.) ;** 0.85%o
saline served as control. Although experience in this laboratory had indicated that
both of these agents produce a marked granulocytic exudate within six hours,,6
the left knee was assayed by the method previously described to obtain counts
of the total exudate produced in these particular experiments. Groups of animals
injected six hours before with sterile saline served as controls. The total exudate six
hours after saline injection averaged 2.9 million cells (SD + 2). After ovalbumin
there were 10.5 million cells (SD + 1), and six hours after endotoxin the value was
8.7 million cells (SD + 3). Two weeks after the production of sterile inflammation
the joints appeared normal.
7. Measurement of intra-articular pressure
With rabbits deeply anesthesized with pentobarbital and supplemental ether, intra-
articular pressures were ascertained by the introduction into the joint of an 18-
guage spinal needle attached by means of plastic tubing filled with saline to an Ofner
strain gauge. The results were recorded with a Sanborn 964 recording system.
*Worthington Biochemical Company, 2x recrystalized ovalbumin.
** "E" pyrogen, Organon Laboratories, Morden, Surrey, England. Kindly supplied
by Dr. W. J. Tindall.
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RESULTS
1. Number of staphylococci required to produce septic arthritis in normal
rabbit joints
To determine the numbers of organisms needed to produce pyarthrosis,
the left knee joints of 39 rabbits were injected with different numbers of
staphylococci suspended in 0.5 ml. of physiologic saline. More than 20,000
organisms regularly produced septic arthritis; 2,000 to 5,000 bacteria
produced infection in 70% of normal rabbit knee joints, while inocula of
200 to 500 failed to produce infection. The results of these experiments are
tabulated more precisely in Table 1.
TABLE 1. INFECTION RATE OF NORMAL RABBIT JOINTS WITH DIFFERENT NUMBERS
OF INJECTED STAPHYLOCOCCI
Number of Bacteria Infected/Total Joints Infected
0- 1,000 0/ 8
2- 3,000 8/12
3- 5,000 10/13
5-30,000 6/ 6
2. Distribution of bacteria within the synovial cavity and zwithin exudative
granulocytes after staphylococcal injection
Both knee joints of eight normal rabbits were injected with 19,000 organ-
isms, and bacteriologic observations made during the subsequent 24 hours.
The inoculum was of a size to regularly produce sustained joint infection
(see Table 1). At 15 minutes, 1 hour, 4 hours and 24 hours, two animals
were sacrificed. The knee joints were washed by repeated injection and
withdrawal of 2 ml. of sterile saline and this material was used for total
white blood count and differential as well as for quantitative bacteriologic
study (see Method #5). After the cavities had been washed, a relatively
uniform portion of the synovial lining (estimated at one fourth of the total
synovium) was aseptically removed, ground in a tissue homogenizer, and
plated for bacteria.
By these techniques, at the times sampled, roughly quantitative data
were obtained on the number of bacteria, their distribution within the
joint cavity or in the surrounding synovial tissues, and on the total number
of granulocytic exudative cells and the efficacy of their phagocytic activity.
Figure 2 charts the average results. Each point represents the average of
data from four joints in two animals. Because of the logarithmic plot, several
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points deserve emphasis. No significant granulocytic exudate occurred
within one hour. After 4 hours a definite exudate was present, with
total cell counts averaging 7.5 million; and at 24 hours approximately
44.6 million phagocytes had entered the synovial cavity. Fifteen minutes after
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FIG. 2. Logarithmic graph of distribution of bacteria & granulocytes after inoculation.
the injection of organisms, only about 2,000 of the original 19,000 inoculum
were accounted for, and almost all of these were still free in the cavity.
By 4 hours, bacterial multiplication had brought the total bacteria almost
to the number originally injected, and by 24 hours, large numbers of
bacteria were present. In the 4 and 24-hour studies almost all the organisms
were in the synovial cavity, and of these most were cell-associated, pre-
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sumably viable within granulocytes, while few were free in the joint
fluid. For example, in the 24-hour infections only 10%o of the 89,725
organisms in the synovial cavity were in the extracellular fluid. Within
15 minutes, bacteria were found in the synovial lining but the actual
number found in the synovium at later times was not great when compared
with the intracavity bacterial multiplication.
3. Bacteriologic observations of infected joints
At the time of sacrifice two weeks after inoculation, 38 cultures were
taken from creamy pus found in markedly swollen knees. Despite the
obvious gross infection, only 16 cultures (42%) were positive for staphylo-
cocci. No attempts were made to isolate the organisms from synovial or
periarticular tissue, where organisms were seen in histologic sections.
4. Systemic effects from intrasynovial inoculation of staphylococci
After inoculation of the knee with organisms, those rabbits that later
developed a sustained pyarthrosis were febrile at 24 hours, and remained
febrile for the two weeks of observation. Temperatures were not taken at
intervals less than 24 hours. Rabbits that did not develop pyarthrosis
remained afebrile during the entire two week observation period, or had
fever for only one or two days after the inoculation.
Twelve per cent of the rabbits used died before the two week period had
elapsed, most deaths occurring during the second week of the experimental
infection. In general, mortality occurred in animals that received relatively
large numbers of bacteria into both knees. Autopsies done on four rabbits
revealed wide-spread systemic staphylococcal disease with involvement of
lung, kidney, and intestine.
5. Susceptibility to infection of joints zwith an inflammatory exudate
Because of the observations on the amount of bacterial phagocytosis
observed during the evolution of staphylococcal pyarthrosis (see Fig. 2),
and because of the importance of phagocytosis by granulocytes as a host
defense in other experimental staphylococcal infections,86 studies were made
of the infectivity rate in joints with an established nonseptic inflammatory
reaction. Sterile inflammation was produced by injection of ovalbumin
(5 mg.) or bacterial endotoxin (.0005 microgm.) into both knees of
rabbits (see Methods #6). Six hours later the rabbits were anesthesized
and bacteria in 0.5 ml. of saline were injected into the right knee.
The results in Table 2 indicate definite resistance to infection in the
rabbits with a pre-existing inflammatory synovial exudate, whether in-
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duced by ovalbumin or by endotoxin. Although the saline injection pro-
duces a slight inflammatory response, the infection rate was comparable
to thatofnormal joints.*
6. Intra-articular pressure
Twelve rabbits underwent inoculation with 10,000 bacteria into each
of the two knee joints. Intra-articular pressure was taken and recorded
continuously for 2-4 minutes with an Ofner strain gauge and Sanborn
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FIGURE 3.
964 recording system at forty-eight hour intervals (see Method #7).
Again the high inoculum was chosen to assure pyarthrosis. At the time of
pressure reading, the animals were under deep NembutalV and ether
anesthesia with their joints in a position of rest to prevent pressure
increases because of a struggling animal or a forced position of the joint.
The animals were sacrificed at the conclusion of the pressure readings and
the joints were preserved for histological study. The intra-articular pressure
* In all ranges of bacterial inoculation reported herein, there are significant
differences in infection in joints that were and were not previously inflamed. Since
the numbers were small, the correlated chi-square test or Fisher's exact test was
used where appropriate. For the 2,000 to 3,000 range the significant probability was
less than 0.01; for the 3,000 to 4,000 range it was less than 0.001; for the 4,000
to 5,000 range it was less than 0.05; for the 5,000 to 30,000 range it was less than
0.003.
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that developed is shown in Figure 3. Average and range of recordings are
plotted. It is interesting that no large increase of pressure occurred until
after the fourth day. Thereafter the pressure rose gradually to a maxi-
mum of 32 mm Hg. in one joint.
7. Histologic changesin septic joints
Observations of the histologic changes occurring in the synovial mem-
brane, cartilage, and underlying bone at 48-hour intervals gave further
information concerning the pathophysiology of staphylococcal pyarthrosis.
Two days after inoculation only minimal changes were observed. The sub-
intimal layer of the synovial membrane was edematous and hemorrhagic;
TABLE 2. INFECTION RATE* IN NORMAL AND PREVIOUSLY INFLAMED JOINTS.
Type of Inflammation
Normal Saline Ovalbuinin "E" Pyrogen
2,000-3,000 8/12 3/5 1/8 0/ 4
3,000-4,000 6/ 6 6/6 2/6 3/12
4,000-5,000 4/ 7 5/7 0/8 2/ 3
5,000-30,000 6/ 6 7/8 3/8 2/ 4
* Infected/Total Joints Injected
i.e., there was proliferation of the cells making up the intimal layer.
Diapedesis of polymorphonuclear leukocytes was evident primarily in the
edematous vascular sub-intimal layer. Four days following inoculation,
areas of the synovial tissue revealed heavy infiltration with polymorpho-
nuclear leukocytes and abscess formation. It appeared in some sections
that there was a slough of abscessed tissue into the joint. At six days
following inoculation a fibrinoid exudate covered the synovial membrane.
At eight days, considerable myeloid hyperplasia was noted for the first time
in the marrow cavity. At ten days, the synovial membrane took on more
of the character of chronic inflammation with an increasing number of
mononuclear cells. There are definite signs of invasion of bone and cartilage
by granulation tissue and this became increasingly apparent on the 12th
day post-inoculation. There were areas of necrosis within the bone and
colonies of bacteria could be seen in these areas. There were also areas
of periosteal elevation and new bone formation. At 14 days the inflam-
matory reaction produced pannus which invaded under the cartilage (Fig.
4) and also covered it in places. Chondrocyte proliferation was evident.
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DISCUSSION
The minimal pus-forming dose of a virulent staphylococcus when in-
jected into the skin of medical students was found by Eleck to be 7.5
million.! We hope that similar studies have not been carried out on human
joints. Yet there is clinical evidence the pyarthrosis can occur after minimal
inoculation of human joints.8 In unpublished experiments with rabbits we
found that the minimal pus-forming dose of 80-81 staphylococci injected
subcutaneously into the rabbit was 5 million, which is close to that reported
for humans. Three quarters of the rabbits in this study receiving only 2.5
thousand bacteria by intra-articular inoculation developed pyarthrosis.
This finding supports the concept that diarthrodial joints are peculiarly
susceptible to staphylococcal pyarthrosis.
The exact cause for the decreased resistance of the joint of the rabbit
to infection is unknown. It is known, however, that polymorphonuclear
leukocytes are important in the early defense against experimental staphylo-
coccal infection of the skin and peritoneal cavity.8'6 Our work, showing that
there is increased resistance to experimental staphylococcal pyarthrosis
when the number of polymorphonuclear leukocytes present in the joint is
increased by inflammation, would indicate that the polymorphonuclear
leukocytes are also important in the defense of joints from invading
bacteria. The immigration of phagocytes is of importance in early control
of infection and immigration rate is influenced by many factors. Cohn
has shown a delay in the influx of granulocytes into peritoneal cavity
inoculated with Staphylococcus aureus when compared to that of the peri-
toneum inoculated with Staphylococcus albus.8 The use of Staphylococcus
aureus in our experiments may be of some importance as no significant
granulative exudate appeared within the joint space within an hour after
inoculation.
Of perhaps even greater import is the rate of phagocytosis of bacteria
that occurs in a joint. The various factors influencing this rate have been
reviewed by Mudd, et al.9 Bodel and Hollingsworth found that there is less
efficient phagocytosis of staphylococci by granulocytes found in the synovial
fluid of patients with rheumatoid arthritis than by granulocytes from their
plasma.'0 This may be due to the decreased amount of complement present
in synovial fluid when compared to serum. One final factor to consider
seriously in explaining the lowered resistance of a joint to infection is the
factor of surface phagocytosis, reviewed by Wood.' It is apparent that it
would be more difficult for a phagocyte to engulf bacteria in the open
spaces of a joint than against the rough surface of tissue found elsewhere
in the body.
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Intra-articular pressure would not seem to be a significant factor in
the early course of pyarthrosis since pressures did not rise until the fourth
day of the infection. Thereafter it must play an important role by in-
creasing the pressure gradient against which phagocytic granulocytes and
nutrients to the cartilage must travel. This increased pressure is the
physiological basis for the necessity of early drainage of pyarthrosis to
avoid irreversible damage to the joint.
Histologic study of the evolving pyarthrosis would indicate that the for-
mation of pannus over the surface and under the articular cartilage con-
tributes to joint destruction by prohibiting infusion of nutrients to the
cartilage.
SUMMARY
The knee joints of rabbits are peculiarly susceptible to experimental
staphylococcal infection, with sustained infection produced by 2,000 bac-
teria. In studying the pathogenesis and evolution of this experimental
pyarthrosis, the following features deserve emphasis.
1. Increased numbers of WBC did not occur until between 1 and 4
hours after inoculation.
2. By 24 hours, 90% of the bacteria were cell associated.
3. Previous inflammation of the joint producing increased numbers of
granulocytes increased the resistance of the joint to infection with staphylo-
coccus.
4. Intra-articular pressure did not rise significantly until after the fourth
day. Thereafter it became significant.
5. Histologic observation of granulation tissue invading under the car-
tilage and occasionally covering it implicates this process as one of the many
factors causing joint destruction.
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